Unbonded post-tensioned (UPT) flat plate concrete slabs are popular for modern continuous multiple bay floor assemblies due to economic and sustainability benefits (reductions in slab thickness and building selfweight) and structural advantages (decreased deflections over larger spans). Only limited research has been conducted on the performance of UPT flat plate slabs under fire conditions, yet the inherent fire endurance of these systems is sometimes quoted as a benefit of this type of construction. One concern for these structures in fire is that high temperature stress relaxation of the unbonded prestressed reinforcement may cause considerable and irrecoverable prestress loss, with subsequent structural consequences. This paper uses a computational model which has been developed to predict the transient high temperature stress relaxation (i.e., prestress loss) for typical UPT multiple span flat plate slabs in fire, to study the potential prestress relaxation behaviour under various plausible temperature conditions as might occur during exposure to a standard fire. The model is validated using experimental data from relaxation tests performed on locally heated unbonded seven-wire prestressing stand. The initial prestress level, concrete cover to the prestressed reinforcement, and ratio of heated length to overall tendon length are varied to investigate the potential implications for prestress loss, and subsequently for flexural and punching shear capacity. The results highlight the need for particular care in the construction of UPT slabs to ensure adequate concrete cover for structural fire safety.
Introduction and Objectives
Unbonded post-tensioned (UPT) flat plate slabs are favoured in modern continuous multiple bay floor assemblies due to economic and sustainability benefits (reduction of building weight by eliminating floor beams and reducing slab thickness) and structural advantages (increased span to depth ratios and excellent deflection control). However, only very limited research has been performed on the behaviour of realistic UPT slabs in fire. Of particular interest in the current paper is the potentially problematic high temperature creep (or relaxation) behaviour of UPT strands in multiple bay structures when subjected to standard fire conditions. The mechanical properties of prestressing steels are well known to degrade under high temperatures, and under certain conditions this may result in dramatic and irrecoverable loss of prestress [1] , with subsequent consequences for the load carrying capacity of the structure.
Expanding on prior experimental research aimed at studying the high temperature stress relaxation of prestressing strands locally exposed to elevated temperatures [2] , a simple computational model was developed to provide a rational prediction of prestress loss (or tendon stress variation) both during and after fire in UPT flat plate concrete structures. The model is used herein to perform parametric studies on the effects of various key parameters on prestress loss during exposure to a standard fire, and to highlight potential concerns and areas where additional study is warranted. It should be noted at the outset that only the prestressing tendons are considered in the current study, and the surrounding structure is assumed not to deform due to the fire. Clearly, this is a dramatic over simplification of reality -one which will be remedied in future work -since thermal deformations (e.g., thermal bowing), continuity, membrane action, and restraint are all known to play significant roles in the fire performance of real, multiple bay continuous concrete slabs. Furthermore, fire tests on bonded prestressed concrete double tee beams [3] have shown that tendon stress increases up to 250 MPa may occur due to thermal bowing in the early stages of a fire; these potential tendon stress increases during the initial stages of fire have also been ignored in the current analysis.
Research Significance and Background
Two significant effects of fire can cause a reduction of prestress force in an UPT tendon; namely a gradual, recoverable reduction of prestressing force resulting from restrained thermal expansion, and a more severe, irrecoverable reduction resulting from creep (or relaxation) under stress at high temperatures. Because creep is a time-stress-temperature dependent process, a complex interaction exists between prestress levels and temperature history for a tendon which undergoes a localized heating and cooling cycle. Creep is typically so small as to be negligible for prestressing steel under ambient service conditions. However, under stress and at temperatures specific to cold drawn prestressing strand, irrecoverable creep will accelerate and cause a relaxation of prestress. This will affect the capacity of UPT flat plate slabs in both flexure and punching shear, both of which are functions of the slab geometry, concrete strength, amounts of mild and prestressed steel reinforcement, and prestressing force.
Realistic large-scale tests on structures in fire are rarely feasible, which necessitates the use of computational models to aid in the evaluation of the structural effects of a severe building fire. Indeed, in some forward-looking jurisdictions complex numerical models are currently used to perform performancebased structural design for fire safety. However, only limited research, experimental or computational, is available on the capacities of UPT flat plate slabs either during or after fire. An excellent summary of prior work in this area has been presented previously by Lee and Bailey [4] , and additional recent furnace tests have also been reported by Ellobody and Bailey [5] and Kelly and Purkiss [6] , although in both cases these have been isolated member tests and the unbonded tendon lengths were therefore unrealistic. This paper represents the first attempt to consider the potential consequences of localized heating of unbonded prestressing strands in fire; an important first step towards rationally modelling the complex behaviour of real UPT flat plate structures in fire.
Modelling Transient Thermal Creep and Stress Relaxation at High temperature
A simple computational model for predicting prestress loss in UPT tendons in concrete flat slab structures during fire (accounting for transient thermal creep and stress relaxation) was programmed in Fortran. Fundamentally, the model focuses on the calculation of the transient high temperature thermal creep strain increment over a chosen length of tendon at constant temperature (i.e. a predefined thermal region) during a given time interval, and then on determining the overall relaxation of stress for an unbonded tendon over its total length by summing the contributions from the various thermal regions along the length of the tendon; these regions may be at different temperatures. The change in strain in each thermal region thus directly affects the change in overall prestress level through the invocation of a temperature-dependent modulus of elasticity, which also varies along the length of the locally heated tendon.
Two main input data files are required; namely discretized heated coordinates along the tendon's length (i.e., a numerical description of the tendon's geometry and depth profile within the concrete slab), and the corresponding time-temperature histories during fire at various depths of concrete cover (which can be obtained experimentally, by standard heat transfer analysis, or from design tables). These two sets of information are subsequently used to develop (by interpolation) time-temperature histories for any chosen thermal region along the length of the tendon.
In the absence of test data on the time-temperature histories of a tendon during fire, a simple heat transfer algorithm can be used to calculate spatial and temporal variations in temperature through a flat concrete slab using a finite difference elemental energy balance approach. The current analysis uses a model which accounts for variations in the thermal properties of the concrete and moisture evaporation and which was coded and validated previously [7] . Note that the presence of steel reinforcement is assumed not to influence the heat transfer behaviour, an approach which is considered valid for bonded steel reinforcement but which may or may not be conservative for UPT tendons within a duct.
Once the thermal history of the tendon at various depths is known, the longitudinal thermal profile at any given instant in time can be compiled based on user-specified longitudinal coordinates at discrete locations along the tendon. The model uses these longitudinal coordinates to discretize the tendon into regions of uniform constant temperature. The length and location of the longitudinal regions remain unchanged during the analysis. In this manner, the tendon is discretized into thermal regions rather than physical elements -a concept that is important in understanding the procedure used for transient prestress loss calculations described below. For draped parabolic tendons, the model's accuracy is affected by the longitudinal tendon discritization, with greater accuracy for shorter thermal regions, since the tendon temperature varies continuously with concrete cover.
The analysis has been developed to enable consideration of either large scale or localized fires over any portion of a continuous multiple bay structure. A portion of the tendon that is outside the heated region (i.e. in adjacent bays of a multiple bay structure) is assumed to remain at ambient temperature. Longitudinal heat transfer along the tendon is therefore assumed to be insignificant. The overall stress-relaxation algorithm is based on an extension of previous work by MacLean [2] , although the version described in the current paper allows for a more rigorous and versatile analysis of data using adaptive tendon discretization and finer longitudinal thermal regions. The algorithm incorporates analytical models and coefficients from several prior studies (described below) to formulate a stress-relaxation model capable of approximating the change in tendon stress as a result of any transient heating and cooling regime for any overall tendon length, heated length, tendon profile, concrete cover, and initial prestress level (but, importantly, ignoring interactions with the concrete).
Two main functions are involved; one which increments time and another which treats the analysis of each thermal region for each time step separately, and then determines the global change in tendon stress for the current time step. For each thermal region during a given time step, the analysis is performed as shown in Figure 1 . Upon completion of the time step, an average stress relaxation is calculated over the length of the tendon (this is a global prestress loss because the tendon is unbonded) and the prestress is updated for use as the initial stress in the subsequent time step. During each time step and for each thermal region, the thermal strain, T ε , is determined on the basis of thermal expansion of the prestressing steel using Equation 1 [8]: (1) where T is the temperature in degrees Celsius. The model considers the current and previous temperatures of the particular thermal region to calculate the change in thermal strain, T ε ∆ , during the time step. Clearly, increases in temperature will contribute to prestress loss for a tendon of fixed overall length. This component of prestress loss is reversible upon cooling, whereas creep at high temperature, and the related relaxation induced during heating (and cooling) events, causes additional, irreversible prestress (tendon stress) loss [9] .
Creep strains in various grades of steel at high temperature can be approximated using Harmathy's pioneering research in this area [10] , along with guidance from additional sources [11, 12] . Equation 2 [10] can be used to compute the creep strain, cr ε , at a given stress and temperature during a finite time interval. ) 2 ( cosh 2 ln 0 ,
The above is dependent on the Zener-Hollomon parameter, Z, which is described below, and a dimensionless creep parameter, 0 , cr ε , which was originally derived by plotting experimental creep strain data versus temperature compensated time, θ. Temperature compensated time is described using an Arrhenius equation such as Equation 3 [13] :
where the temperature, T, is in degrees Kelvin, the length of the current time interval, t, is in hours, and the constant, ∆H/R, which represents the activation energy required to cause molecular motion, is taken as 30556°K [13] . This is based on an approach outlined by Dorn [14] that assumes that the steel behaves like a Newtonian liquid with high viscosity; as temperatures increase the average oscillations of atoms also increase, thus promoting creep by more frequent stress-driven molecular rearrangements.
Haramthy and Stanzak [13] found, by testing Grade 1725 prestressing steel up to 690 MPa, that the Zener-Hollomon parameter (also called the creep phase parameter) and dimensionless creep parameter could be described using Equations 4a, 4b and 5, respectively. (5) where, σ represents the current stress (in MPa) in a given thermal region (i.e. the total tendon stress at the current time). Prestress loss is calculated in the numerical model by using the creep parameters calculated based on the stress and temperature at the end of any given time step. By using the values of θ in Equation 2 at the start and end of the current time step, the difference in creep strain during the time step can be calculated for each thermal region.
Following the computation of transient thermal creep in the individual thermal regions of the tendon during a time step, the total strain change for each region can be computed by summing thermal and creep strain increments. Since the total elongation of the tendon is assumed constant, this dictates that an increase in creep and/or thermal strain will be proportionally followed by a decrease in strain to cause stress, which leads to Equations 6a and 6b for the change in strain to cause stress in a given thermal region during a time step.
are the strains due to mechanical stress, thermal expansion, and creep, respectively. Thermal and creep strain changes for each thermal region are then converted to a change in stress using a temperature dependent modulus of elasticity determined based on a regression analysis of data presented by Ruge and Winklemann in Anderberg 
where T E is the modulus of elasticity at a given temperature, T, in degress Celsius, and C E°2 0 is the modulus of elasticity at 20°C. Stress changes from each thermal region are averaged over the length of the tendon and the resulting overall average change in tendon stress (stress relaxation) is applied to the stress at the beginning of the time step, such that the tendon's overall elongation remains unchanged. The time is then incremented forward and the process is repeated (using the same thermal regions). This implies that the prestressing tendon physically moves through the heated regions as it locally expands and contracts during the analysis, whereas the heated regions remain stationary.
The computational model's output is the time-history of prestress for the tendon. Because under very short heated lengths the tendon may physically tear itself apart in the heated region, the program is limited to terminate when a thermal region undergoes a rapid exponential increase in strain (as T E approaches zero in any stressed and heated region), which is an indication of tendon rupture. This is physically akin to the process of torch-cutting of strands during the fabrication of pretensioned concrete elements in a precasting plant -the extreme case of localized heating causing transient creep and prestress relaxation.
The reader will note that the current model is essentially linear elastic in the way in which it treats changes in mechanical strain causing stress. This is appropriate only for cases, such as the current analysis, where the stress in the tendon remains sufficiently low that the tendon is indeed behaving in a linear elastic manner in response to instantaneous changes in stress. The yield strength and elastic modulus of prestressing strand will decrease as the temperature of the strand increases. For example, Eurocode 2: Design of concrete structures -Part 1-2: General rules -Structural fire design [15] , provides simple equations that can be used to approximate the reduction in tensile strength and modulus for prestressing steel with temperature. It is therefore conceivable that the ultimate tensile strength (failure stress) of the tendon might be exceeded within a heated region for a locally heated tendon, and that this loss in strength could result in tendon failure before sufficient creep (relaxation) has occurred to reduce the tendon stress to a value less than its strength. In the current study, the stress in the tendon at any given time and temperature was compared against the tensile strength of the tendon at that temperature (using data suggested by Hertz [16] ) for every analysis case under consideration; it was determined that the strength never fell below the stress in the tendon, even within the locally-heated region. It is not clear if creep will always outweigh loss of tensile strength at high temperature (indeed they are not independent parameters) but this would be an interesting topic for future study.
Testing and Model Validation
The computational model described above was validated by comparison against experimental data collected previously by MacLean [2, 17] . Maclean's tests experimentally characterized the effects of localized heating of a straight unbonded prestressing strand by monitoring prestress loss due to creep and thermal expansion at high temperature in a laboratory setting.
Summary of MacLean's Experiments
Eight transient high temperature experiments were conducted to quantify the effects of creep and relaxation on 13 mm diameter Grade 1860 ASTM A416-03 low relaxation 7 wire strands pre-stressed to about 55% of ultimate -typical of service conditions for a UPT slab after both short and long-term loses have accumulated in a real structure [18] . Figure 2 , which is adapted from MacLean [17] , illustrates the experimental configuration used in these tests. A single strand, 6300 mm in length, was stressed in a prestressing bed using a center hole hydraulic jack and standard chucks, and incorporating two load cells. A custom-built, horizontal, radiant-type electric tube furnace was used to locally heat the strand to predetermined temperatures under various rampsoak-cool regimes. Seven K-type thermocouples (denoted TCi in Figure 2 ) were used to record temperatures along the strand during heating and to obtain experimental time-temperature histories at selected locations. Load cells at each anchorage were used to measure changes in prestress force during heating and cooling.
The experiments used a heated length of approximately 610 mm at the middle of the tendon and five different temperature set points; 200, 300, 400, 500, and 700°C. A heating ramp phase at 10°C/min was followed by a constant temperature soak phase of either 5, 45, or 90 minutes, and finally a cooling period where the furnace was switched off and the tendon was allowed to cool naturally to ambient conditions. The ramp rate was chosen to be representative of the heating rates which could be expected for prestressing tendons protected by concrete cover and exposed to a standard fire [19] . A 90 minute soak time was selected to be representative of typical fire endurance ratings of required for restrained UPT floor systems with 20 mm of concrete cover. Additional tests were performed to verify repeatability and to study the effects of varying soak time at a given temperature. Full details of these tests are given elsewhere [2, 17] .
Computer Program Validation
MacLean's measured longitudinal tendon temperature data [17] were used to compare against the results of the computational model for two different analyses; varying temperature set point levels and varying soak durations. The raw temperature data from seven thermocouples recorded in the experiments were used to discretize the tendon's length into regions of constant temperature by linear interpolation. Figure 3a compares the measured and predicted prestress variation for a 90 minute soak time at various set point temperatures from 200°C to 700°C. It is clear from this figure that the model is able to accurately but (in general) conservatively predict the prestress variation recorded during Maclean's tests. The computational model predictions differed from experimental results in each run by a maximum of 1% for 200 and 300°C, 14% for 400°C, 21% for 500°C, and 57% for 700°C (although the large variance at 700°C was seen in the cooling phase only). To clearly illustrate the effects of transient creep/relaxation at high temperature, Figure 3b shows a comparison of the model predictions made accounting for creep (black lines) and neglecting creep and including only thermal expansion (grey lines). This was done using MacLean's experimental temperatures for the 300, 500, and 700°C exposures. This figure clearly shows the profound influence of creep on reductions in tendon stress at high temperature, and also illustrates the recoverability of thermal strains and the irrecoverability of creep strains. Figure 4 compares the observed and predicted prestress variation for tendons heated to 400°C with soak times varying from 5 minutes to 90 minutes. The model predictions are seen to differ from experimental results by 5, 11, and 14% for 5, 45, and 90 minutes respectively. The cooling phase predictions were also found to be reasonably accurate, but less conservative in some cases. Figures 3 and 4 clearly show that heating above 300°C causes considerable (and irrecoverable) prestress loss.
In general, the model captures the trends observed in MacLean's tests [2] , although comparison with the test data indicates that minor refinement of the model may be necessary. This is likely due to the initial stress levels used in Maclean's tests (≈1000 MPa) being considerably higher than the stress levels for which the high temperature creep parameters were derived by previous authors (0 to 690 MPa). This necessitated a significant extrapolation of available experimental creep data [10, 13] , which may not be appropriate. Additional high temperature creep tests on prestressing wire are planned by the authors to obtain the relevant high temperature creep parameters for initial stress levels up to or exceeding 1000 MPa.
Parametric Studies
The automated nature of the model facilitates examination of various tendon exposure scenarios, such as would be experienced for UPT members with draped tendons, lower than desired concrete cover to the prestressed reinforcement (due to misplaced tendons or to localized cover spalling during fire), localized, compartmentalized, or travelling fires, and varying initial prestress levels.
To study the potential effects of various parameters on the loss of prestress in UPT slabs subjected to fire, the model was used to conduct parametric studies on a typical example flat plate slab adapted from design Example 3-37 from the Canadian Prestressed Concrete Institute (CPCI) design manual [20] . Figure 5 shows the configuration of this slab. The parametric study assumed a structure continuous over three interior bays (7700 mm each) and two exterior bays (5200 mm each). A room temperature modulus of elasticity of 200 GPa was assumed for the prestressing tendons. The tendon profile was modelled as parabolic, where b c in Figure 5 represents the depth of cover at midspan with a default value of 20 mm. The slab was analyzed using the previously described [7] finite difference heat transfer analysis to develop 10 mm long thermal regions along the full length of the tendon, each with individually known time-temperature profiles for assumed exposure to the ASTM E119 standard fire [21] over a given area of slab. The 150 mm thick slab was assumed to be constructed from carbonate aggregate concrete having 5% initial volumetric moisture content at the onset of fire, which from a heat transfer point of view is at the conservative end of the likely moisture content spectrum for an in-service slab in an environmentally conditioned structure. Cover spalling has not been considered, nor has a cooling phase. Cooling behaviour could be studied with the current model to provide an indication of potential residual prestress levels for less severe fires, or for fires which are extinguished sufficiently early that refurbishment of the structure for continued use is possible.
A convergence study demonstrated that for thermal region lengths smaller than 10 mm there was no discernable change in the model predictions. Parametric studies were subsequently conducted to investigate the effects of (1) initial prestress level, (2) concrete cover depth to the prestressed reinforcement, and (3) the ratio of heated length to total tendon length. Figure 6 shows the predicted variation of prestress level resulting from exposure to an ASTM E119 [21] standard fire for the example structure for various initial prestress levels. In all cases it is assumed that the fire is confined to the central bay of the example structure (i.e., the outside bays remain at ambient temperature), and that cover to the prestressed reinforcement is 20 mm at midspan.
Initial Prestress Level
It is evident in Figure 6 that the prestressing force initially decreases gradually as a consequence of restrained thermal expansion. This is followed by a more severe prestress reduction once creep losses begin to accumulate (depending on the combined stress-temperature condition). It is interesting to note that during the fire (independent of the prestress level at the onset of fire), all of the prestress level curves converge to a common lower bound. For example, after one hour of fire, any tendon initially stressed above 32% ultimate strength (f pu ) (as any tendon almost certainly would be in an in-service UPT structure) is predicted to be at the same stress level (about 0.32f pu in this case). Most importantly, Figure 6 clearly shows that this typical example structure would experience prestress losses (across all bays) in the range of 50 to 60% after one hour of localized fire exposure for realistic initial prestress levels in the range of 1000 to 1200 MPa.
Concrete Cover to the Prestressed Reinforcement
To study the effects of varying concrete cover on prestress loss during fire, the model was again applied assuming that only the central interior bay was exposed to fire. The assumed parabolic tendon profile, which was at a fixed depth of 20 mm over the supports (Figure 5) , was modified such that the midspan concrete cover varied between 5 mm and 30 mm, with all other parameters held constant. The resulting predicted prestress losses for an initial prestress of 1000 MPa are shown in Figure 7 . Again, the prestress losses are initially influenced predominately by restrained thermal expansion, but the creep strains become dominant once the temperature of the tendon exceeds 300°C. Clearly, this temperature is reached more rapidly in tendons with smaller cover. The importance of achieving adequate concrete covers for fire protection in UPT slab structures is therefore paramount. In particular, for the case of 5 mm cover, localized exponential strain increases were predicted in the most heated thermal region, causing the model to terminate and implying tendon rupture in less than one hour. In the current case, 50% loss of prestress occurs after only 22 minutes of fire exposure for 5 mm concrete cover, whereas this point is reached after 80 minutes if the cover is 25mm.
Ratio of Heated Length to Total Length of Tendon
Seven analysis configurations were used to study the effects of varying the ratio of heated length (i.e., the length of the slab directly exposed to the ASTM E119 [21] standard fire) to the total length of the tendon. Since multiple bay UPT slabs are increasingly used for multi-storey office and residential occupancies, it is possible that a fire could develop locally (i.e., within a single compartment or over a single bay), over several bays, or even over an entire floor plate. Figure 8 shows the predicted effects of the heated length ratio on prestress loss for the example slab, again with an assumed parabolic tendon profile, a cover of 20 mm at midspan, and initial prestress of 1000 MPa. The fire exposures that were considered included: partial bay (2310 mm, 3850 mm, or 5390 mm of fire exposed slab centered on midspan for only the central bay), full bay (the entire central bay only), multiple bay (two and three internal bays), and entire floor (all five bays). The results indicate that greater heated length ratios contribute to larger overall prestress losses during fire, although the effect is far less important than the cover depth effect. It should be noted that when multiple bays are exposed to fire, the increases in prestress loss as compared with the shorter heated length ratio cases are due predominately to recoverable prestress loss resulting from restrained thermal expansion. Somewhat counter intuitively, irrecoverable prestress losses are actually less for larger heated length ratios, suggesting that the residual prestress recovered after a fire would be greater in these cases (this is has been confirmed using the model but has yet to be demonstrated experimentally).
Potential Consequences
Loss of prestressing (due to fire or to other damage) has potentially serious consequences for the load carrying capacity of a UPT flat plate structure. In particular, both the flexural capacity and the punching shear capacity may be reduced as prestressing force is lost (all other factors being equal). For the purposes of simple illustration, consider the example UPT slab of Figure 5 . The width of each design strip in this structure is 6100 mm. To meet the assumed factored load demand for moment and shear under ambient conditions, twelve 13 mm diameter Grade 1860 seven wire tendons (with a parabolic profile as shown) and ten 10 mm nominal diameter grade 400 bars (assumed at 20 mm clear cover) were provided per design strip of slab. Assuming an ASTM E119 [21] standard fire, and considering degradation of mechanical properties of concrete, mild steel and prestressed reinforcement, and prestress loss at elevated temperature, punching shear and positive and negative flexural capacity were calculated using the provisions of CAN/CSA A23.3-04 [22] .
It must be reiterated that thermal bowing, global thermal expansion, restraint, and compressive or tensile membrane action of the concrete slab, and frictional effects on the unbonded prestressing tendons have been ignored in this illustrative example. Additional research is needed to refine the evaluation of prestress losses within the computational model and to understand the influence interactions with the concrete and frictional effects on tendon stress over multiple bays from compartmentalized fires. Depending on the boundary conditions of a fire exposed bay, the load capacity of a UPT slab may be considerably increased by the development of membrane in-plane forces [23] . These factors should be considered in future studies.
Flexural Capacity
Reductions in flexural capacity during fire exposure were considered for both positive and negative bending of the middle interior bay of the design example slab. Degradation of mechanical properties of mild steel reinforcement was considered only for positive bending (mid span), since at the supports flexural steel for moment capacity is located well away from the fire exposed surface. Data presented by Harmathy [24] were used to account for degradation of the mild reinforcement's yield strength at elevated temperature using Equation 8 . where y f is the room temperature yield strength of the mild reinforcement, assumed to be 400 MPa, and s f is the yield strength at elevated temperature , mr T . For positive bending, concrete degradation at midspan was assumed to be negligible, since the compressive zone of concrete is located well away from the fire exposed face; however, concrete degradation was included for negative bending calculations at the supports. Various relationships to model the mechanical properties of concrete as a function of the temperature are available in the literature. In the current study, the relationship given by Hertz [25] was used to reduce the compressive strength of concrete using a reduction factor, 1 κ , based on the average elevated temperature of the compressive stress block in the slab, c T .
where pe f represents the prestress in the tendons after all short and long term losses (including prestress losses due to fire), p d is the extreme compression fibre to the centroid of the prestressing steel at the location of the plastic hinge, o l is the tendon length between anchors, and n is the number of plastic hinges (3 for an interior span). The compressive stress block depth, a, is therefore given by Equation 13 :
Using pr f and considering the contributions from the flexural steel and the concrete, the moment resistance, r M , can be calculated at each time step using Equation 14:
The resulting variations in flexural capacity positive and negative bending are presented in Figures 9 and 10 , respectively. These figures consider the variation in concrete cover to the prestressed reinforcement at midspan (5 mm, 15 mm and 30mm) and heated length ratio (7% and 100%). Similar trends are observed for both positive and negative bending. Flexural capacity contours confirm the importance of accurate tendon placement during construction, since moment capacity drops very rapidly (due to complete prestress loss and followed by tendon rupture) for the 5 mm cover case. Fifty percent loss of flexural capacity is predicted in less than 30 minutes in this case, for an otherwise 2 hr fire rated assembly. Note also that the flexural capacity is predicted to be reduced by about 50% after about one hour, even for the as-designed default configuration. This simple illustration shows that additional research in this area is warranted.
Punching Shear Capacity
Prevention of punching shear failure is a critical consideration in the design of flat plate slabs, yet it has apparently received little or no research attention with respect to the fire performance of these systems, despite anecdotal evidence that punching failures may have occurred during real fires. Punching failures may occur around columns when diagonal tension cracks allow the formation of a truncated cone or pyramid around the column which punches through the slab. In extreme cases, this type of failure can result in disproportionate or progressive structural collapse [28, 29] .
Using the same example slab ( Figure 5) , an interior slab-column connection was considered to illustrate the potential consequences of prestress loss due to fire for punching shear. Again, Canadian code recommendations [22] and thermally degraded material properties are used for the illustration. The compressive stress in the concrete at the centroid of the cross section, cp f , is calculated from Equation 15 : , for normal density concrete [22] .
This equation clearly shows that punching shear capacity relies considerably on the prestressing force, highlighting the importance of prestress loss both for fire exposed bays and for adjacent bays which remain at ambient temperature but experience reductions in prestress. The vertical component of the prestressing force was conservatively neglected in this calculation, since the tendon slope is difficult to define and/or control in thin UPT slabs [30] . The resulting predicted variation in punching shear capacity during fire is shown in Figure 11 . Again, several different parametric cases are considered. A considerable decrease in punching shear resistance is evident in all cases beyond 30 minutes of fire. At one hour, all but the 30 mm cover contour indicate greater than 30% loss in punching capacity. The 5 mm concrete cover contour indicates about 45% reduction in punching shear capacity in less than one hour, with subsequent tendon rupture.
Future Work
The flexural and punching shear capacity reductions presented above are considered by the authors to probably be conservative illustrations (i.e., over-predictions of degradation). While the analysis and comparisons presented in the current paper must be considered preliminary, it is clear that additional research is needed to better understand the fire performance of UPT flat plate systems. Future research by the authors will include experimental determination of creep parameters for prestressing steel at high temperature up to stress levels of 1000 MPa. Further model validation is also planned through high temperature relaxation experiments on locally heated tendons with realistic length and parabolic profiles. Finally, it is important that realistic, full-scale fire tests be performed on loaded multiple bay UPT slabs during fire, both for model development and validation and to ensure that full structure interactions and unforeseen failure modes are properly and rationally accounted for in design.
Conclusions
The computational model presented herein allows for reasonably accurate predictions of prestress loss in multiple bay UPT flat plate concrete slabs during fire. The model has been validated against simple high temperature relaxation tests on locally heated straight prestressing strands. Based on the computational model, applied under various parametric scenarios and with the assumptions inherent in the model clearly acknowledged, the following conclusions may be drawn:
• The model indicates that achieving adequate (as specified or greater) concrete covers in regions of positive bending during construction is paramount to maintaining the structural safety of UPT systems during fire. Particular care (and adequate site inspection) is therefore needed during the construction process. Clearly, consideration must be given to spalling during fire, since localized heating of the tendons has structural implications across multiple bays of a UPT structure. • Parametric studies suggest that the initial prestress level and the heated length ratio are less critical during fire, which suggests that either large (multiple bay) or localised (well-compartmentalized) fires can cause similar reductions in prestress across multiple bays of a structure. • Simple illustrative calculations performed using extensions of code based equations (modified to account for mechanical degradation of constituent materials and prestress loss due to heating) indicate that there may be important consequences of fire for UPT structures which are not currently considered in design, both for punching shear and flexural capacity; additional research is therefore warranted.
M r = flexural resistance (kN·m) n = number of plastic hinges θ = temperature compensated time (hrs) φ c = material resistance factor for concrete φ p = material resistance factor for prestressing reinforcement φ s = material resistance factor for mild reinforcement Z = Zener-Hollomon Parameter (hrs -1 ) 
